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INTRODUCTION 
Maps of moisture contamination of advanced composite structures have been 
created using microwave open reflection resonator sensors. By optimizing the resonator's 
shape significant advances have been made in sensitivity, penetration depth, quality factor 
and lateral resolution. 
OPERATING PRINCIPLE 
Microwave moisture sensing is based on the large difference in dielectric properties 
of water relative to most other materials. At I GHz, the dielectric constant ew' of water is 
about 80, which is 20 to 30 times higher than the permittivity of most polymers. Similarly, 
the loss factor ew" of free water is about 4.4 at I GHz; higher than the loss factor of most 
polymers by a factor of more than 10. As a result, small quantities of absorbed water have 
a large effect on the microwave dielectric properties of nonconductive composite material. 
Various types of flaws and anomalies in composites are are also detectable, and visibility 
increases to the extent the flaws are decorated by moisture. 
The sensor is essentially a one-port resonator. In use, the operator presses the 
sensor against the dielectric material under test. A network analyzer interrogates the sensor 
by sweeping the microwave power incident on the sensor through a band of frequencies. 
The sensor operates in the reflection mode, in the sense that the spectrum of the wave that 
is reflected from the sensor input contains information about the effective complex 
permittivity of the test material[ I]. Operating the resonator in reflection as opposed to 
transmission mode allows superior resolution in e', even for lossy test materials. 
For the applications of interest here, a typical sensor as sketched in Fig. I is a 
cylinder on the order of two inches in diameter and an inch long, with a feed cable and 
adjustment screws. To the cylinder is attached a microstrip resonator (e.g. dipole, ring, 
etc.) as opposed to the more common (and less sensitive) open-circuited waveguides. The 
microwave region was chosen because for frequencies above RF the sensor size is 
comparable to the size of the material anomalies sought, the depth penetration is reasonably 
good, and the size and cost of the electronics are reasonable owing to recent advances in 
microwave packaging. Furthermore, for frequencies above RF the loss factor e" 
dominates the ionic conductivity cr by a considerable margin. The sensor reading is then 
largely unaffected by the possible existence of a concentration of mobile ions in the test 
material. Thus we have a two-parameter system in which both components of the complex 
permittivity -- the dielectric constant and loss factor -- are related independently to moisture 
content and can be observed simultaneously in situ. The sensor is an open resonator, in the 
sense that the microwave fields near the sensor face fringe into the arbitrarily shaped and 
Review of Progress in Quantitative Nondestructive Evaluation. Vol. 15 
Edited by D.O. Thompson and D.E. Chimenti, Plenum Press, New York, 1996 693 
In 
[dB) 
n : 1 
sensor (2" dia.) 
L c 
.......... 
..... , 
," Test material 
\' \ 
" \ e'.efl I I I 
I I J I I 
/ //E field Contours 
-+ __ ....;;:==-___ • z 
Fig. 1. Schematic drawing of sensor profile and equivalent RLC circuit. 
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Fig. 2. Typical log magnitude spectrum of the sensor's reflected wave S 11. 
situated test material rather than being confined to a cavity. Any water or wet material in 
the test material tends to damp the resonator and reduce both its (normalized) input 
resistance (ro) and its resonant frequency (fr), as defined by the reflection spectrum in 
Fig. 2. The lumped circuit RLC model of Fig. 1 can then be used to interpret the raw data 
(fr and ro) in terms of the test material constitutive parameters (e' and e".) However, 
because fr and ro are inversely proportional to e' and e" respectively [1,2], they can be used 
as proxies for e' and e". The resonator's size and shape (dipole, ring ... ) are tailored to the 
application. 
EXAMPLE 
To give a concrete example of the use of the sensor, we used it to track capillary 
action of water between the plies of a composite panel. Using a small chemist's spatula we 
created a thin (0.15 mm.) narrow delamination in a 1.5 mm thick composite panel (Hexcel 
FlSS epoxy / 7781 E-glass). The panel had been oven cured at atmospheric pressure. 
There was a fairly dense distribution of small voids in the epoxy. The object was to 
discover 
a. whether current sensor designs could image a thin (0.15 mm)delamination, 
b. whether the sensor could track the capillary action of moisture into the 
delamination, then the subsequent diffusion into the bulk of the panel. 
We rastered a 1 GHz "arc dipole" sensor over the surface of the panel, collecting fr 
and ro data for each 2x2 mm pixel. In so doing we created a dielectric image of the 
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delamination, both before and after submersing the panel in water. No attempt was made 
to dry the panel to zero moisture content before performing the experiment. 
The ro-image of the "dry" panel with its 0.15 mm delamination is depicted in Fig. 
3(a). Regrettably, color cannot be reproduced in this volume, but the grey-scale (B/W) 
image of Fig. 3(a) conveys the general idea, albeit with much less detail. The dielectric 
constant of the dry panel is about 3. The delamination itself is too thin to be visible in dry 
material, but some material strain associated with the delamination appears as a dark blotch 
at the left edge, against the grey background of the rest of the epoxy panel. The dotted line 
outlines the delamination. 
We then put the panel in room temperature water overnight. No effect was visible 
afterwards. We then put the panel in near-boiling water for 1 hour. Afterward, the panel 
was subjected to a hot-air blow-dryer for about 1 minute, and the sensor image, Fig. 3(b) 
was taken. The image showed: 
a. some capillary action of moisture into the delamination, indicated by the higher 
loss factor in the whitish area. A material with high loss factor forces the sensor's coupling 
coefficient ro down: 
E' , = const./ro (1) 
Wet material therefore appears white in the grey scale scheme of these images. In contrast, 
a material with low dielectric constant -- such as air with E' - 1 -- forces ro up, so that voids 
appear dark grey. The whitish area is surrounded by a penumbra, having to do with the 
finite size of the resonator's footprint; a point taken up in the next section. 
b. an increase of moisture concentration in the rest of the panel, indicated by the 
generally lighter shade of grey. In the color maps the moisture in the rest of the panel 
appears to emanate in streamlines from the delamination. So the moisture in the body of 
the panel appears to be edgewise diffusion from the delamination, rather than broadside 
diffusion of moisture via the above-mentioned voids, or possibly via microcracks. We 
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Fig. 3(a). B/W sensor image of the 
dry panel. 
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Fig.3(b). The same panel after 1 hour 
in boiling water. 
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have not attempted to distinguish between the two effects. The protracted use of the 
blowdryer makes it fairly certain. the moisture is in the bulk: of the panel, not on the surface. 
We then put the panel in near-boiling water for two more hours, to try to get the 
moisture to capillary into the delamination. The subsequent image (not shown) shows a 
sizable increase in moisture concentration in the upper part of the panel, and increased 
moisture in the delamination. 
The 1994 QNDE paper[l] provides more detail about the sensor's operating 
principles and gives example data for moisture diffusion over time, normal to the surface of 
composite materials, using fixed-location sensors. 
RESONATOR DESIGN 
We may ask how well the images of the previous example depict the shapes and 
sizes of actual objects, and how far beneath the surface of a panel can we expect to see a 
given anomaly. Both desiderata are affected by the shape of the resonator's footprint. 
Ima&e Fidelity 
Simple dipole and ring resonators are familiar from microwave circuit use but are 
inadequate for the task of imaging small-area anomalies like the previous example with any 
fidelity. Both the dipole and ring have sinusoidally distributed electric fields. There are 
then two spatially separated places where the electric field (and charge) takes its maximum, 
which we may call "E spots" for lack of a better term. The dipole's two E spots are at each 
end of the dipole, and the ring's two E spots are at ±90 degrees from the feed point. So, a 
sensor based on the dipole or ring will exhibit double vision; a single object will produce 
two images. 
In an ongoing effort to condense the two E spots into one, we have developed the 
arc dipole resonator, which can be considered a linear dipole bent in an arc until the ends 
almost touch. The shape resembles a piston ring; see Fig. 4(a). This is the resonator used 
to acquire the image of previous example. The primary advantage of this design is that the 
two E spots of the dipole merge to form a single E spot, albeit with lobes. This sensor 
design yields a single image with an arc-like penumbra. 
To illustrate, Fig. 5(a) is the image of a single 6 mm diameter deposit of free water 
embedded in a 1/2 inch sheet of acrylic, taken using the arc dipole resonator. The dotted 
line outlines the location of the water deposit, which here acts as a point source. The arc 
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Fig. 4(a). Plan view of the arc dipole resonator. 
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Fig. 4(b) The arc dipole resonator with 
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FIG. 5(a). B/W ro-image of 6 mm water de-
deposit using the resonator shape of Fig. 4(a) 
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Fig. 5(b). B/W fr-image of 6 mm water 
deposit using the resonator shape of 
Fig.4(b). 
like penumbra exists because we are using an arc-shaped resonator, and the image of a 
point source is the point reflection of the charge distribution on the resonator. The pattern 
of the penumbra is well-defined and repeatable, and can be removed by further shaping the 
resonator, or by post-processing the image. Otherwise the fidelity improves as the object 
size becomes much larger than the sensor's footprint. 
Lately, as a further variation on the arc dipole, we have shaped the ends of the arc 
dipole so the whole affair resembles a planar capacitor with plates linked by a ring 
resonator, see Fig. 4(b). The design tends to suppresse the lobes; see Fig. 5(b). The 
resulting image is about four times the area of the object. 
Using the arc dipole of Fig. 4(a) we can track the propagation of water over time in 
phenolic honeycomb. In Fig.6(a) a single cell of 2 inch thick honeycomb panel was 
injected full of water. In the B/W image, the wet area is dark and the surrounding dry area 
is white. Over a period of 31 hours, Fig 6(b) shows how the water tends to diffuse out of 
the wet cell into the rest of the honeycomb. The diffusion takes place preferentially in the 
L or "ribbon" direction. However, there is also some diffusion evident in the "W" 
direction. 
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Fig 6(a). B/W ro-image of 2 inch thick 
honeycomb with one cell injected with 
water. 
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Fig.6(b). After 31 hours the water 
has diffused out of the cell, mainly 
in the L direction. 
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In addition to the improved spatial resolution of the arc dipole, it turns out that the 
quality factor Qo of a 1 GHz arc dipole is much higher and, concomitantly, the radiation 
efficiency h is much lower than that of a 1 GHz linear dipole. A higher Qo allows greater 
accuracy in the measurement of £'. We find Qo's in excess of 250 on low-loss test 
material, which is quite high for an open resonator. Another dividend of the arc dipole is 
the higher penetration depth zp, taken up in the next section. 
Penetration Depth 
The sensor's electromagnetic field attenuates exponentially with penetration into the 
test material, so even high-contrast objects cannot be seen if they are buried more than a 
few centimeters below the surface. The penetration depth zp of the field depends on the 
sensor design and operating frequency band. We find that zp is larger, the lower the 
frequency and the lower the dielectric constant of the microstrip substrate supporting the 
sensor's resonator. 
The penetration depth can be measured by positioning a delta-function-like target at 
varying distances from the sensor and recording the sensor's response. For instance, by 
moving a piece of thin moist felt up and down in a stack of thin sheets of Mylar, and 
recording the sensor's response (fr and ro) seriatim, we trace out in Figs. 7(a) and (b) the 
shape of the sensor's fringing electromagnetic field in the z direction, i.e. normal to the 
surface of the test material. Even though there is only one electromagnetic field, we see in 
Fig. 7(a) vs. 7(b) that the depth profile of the reactive response (fr(z) or equivalently £'(z» 
differs remarkably from the dissipative response (ro(z) or equivalently £"(z». To all 
appearances there is a "reactive factor" (fr (z» and a "dissipative factor" (ro(z» . 
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Fig.7(a). Electric field strength profiles: reactive part. 
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Fig.7(b). Electric field strength profiles: dissipative part. 
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Fig, 8. Block diagram of microwave moisture meter. 
In our experience the dissipative factor penetrates further than the reactive field. In 
practical terms, a deeply buried target is easier to see using the dissipative field. For 
example, using a 1 GHz arc dipole sensor, the reactive penetration depth zp(reactive) is 1.5 
mm, but the dissipative penetration depth zp(dissipative) is 7.5 mm. 
A higher frequency sensor is subject to much more foreshortening. Operating at a 
frequency band at 4.8 GHz, zp(reactive) falls to 0.66 mm, and zp(dissipative) falls to 0.81 
mm. This foreshortening may be used to advantage if one uses two sensors to separate 
surface phenomena from objects at depth. 
SYSTEM DESIGN 
Currently the mapping feature involves equipment only suitable for laboratory use. 
One of KDC's near-term goals is to incorporate the mapping capability into field-usable 
equipment, as sketched in Fig. 8. 
SUMMARY 
We have reviewed the imaging properties of a class of microwave sensors. These 
sensors have been developed to measure and map the complex permittivity of 
nonconducting materials non-destructively. They operate in the microwave region to avoid 
certain problems of penetration depth, ionic conductivity and electrode polarization which 
are encountered in other frequency bands. By optimizing the resonator's shape significant 
advances have been made in sensitivity, penetration depth, quality factor and lateral 
resolution. One intended application is a portable probe which can map the moisture 
contamination in situ in the skin of a high-perfomance aircraft. 
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